The reaction of ArH + with CO is a fast proton transfer reaction that can form two different isomers, HCO + and HOC + . It has been investigated in a crossed beam experiment and with direct dynamics simulations at collision energies ranging from 0.4 to 2.4 eV. Images of the differential cross sections reveal dominant forward scattering, which is evidence for direct dynamics. The measured product internal energies are primarily determined by the reaction enthalpy and only at large scattering angles depend noticeably on the collision energy. The computational results agree well with the measured internal energy and scattering angle distributions and with the previously measured total rate constant. The direct reaction dynamics with dominant forward scattering are well reproduced by the almost step like opacity functions. The HCO + /HOC + branching is found to be close to 2:1 in the simulations at 0.83 eV and 2.37 eV collision energy. A mode-specific vibrational analysis provides further insight into the isomer specific distribution of the product internal excitation.
Introduction
Ion-molecule reactions, often near the collision rate, compete with neutral reactions at low temperatures [1] . They are therefore important to understand the composition and observed abundances of molecules in cold planetary or interstellar gas clouds. Proton transfer is a prominent mechanism that is known to proceed rapidly in exothermic reactions [2] . A rich network of ion-neutral reactions in the interstellar medium is initiated by proton transfer reactions of H + 3 which has a lower proton affinity than most interstellar atoms and molecules [3, 4] . Among them is CO, the precursor for the formyl cation HCO + that in many cases is the most abundant molecular ion [5] . Also the metastable isoformyl cation HOC + is formed in this reaction and has been observed in dense molecular clouds [6, 7] . The HCO + /HOC + branching ratio in different environments and future detections are subject to ongoing interest [8] [9] [10] [11] and comparison to models suggests that HOC + must be considered in reliable abundance calculations [12] . Also the rapid HOC + to HCO + conversion by H 2 was subject to a controversial discussion [9, 13] .
The product branching of the most important formation pathway H + 3 + CO is not yet fully clarified [12, 14] . Investigation of the simpler four atom system ArH + + CO can contribute to understand the general characteristics of proton transfer reactions that produce different isomers. ArH + has been identified in the Crab Nebula in 2013 as the first noble gas compound detected in space [15] . Further detections in different galactic and extragalactic sources followed in 2015 [16, 17] . Argonium is a good tracer of the almost purely atomic, diffuse interstellar medium with a low fractional H 2 /H abundance in the 10 −4 -10 −3 range [16, 17] . Isotopic 36 Ar/ 38 Ar ratios are significantly lower than the solar value and future observations of isotopic ratios with redshift may provide useful constraints for nucleosynthesis models [17] .
Interstellar ArH + is formed via ionisation of atomic argon by cosmic rays followed by the reaction with molecular H 2 , and is mainly destroyed by photodissociation or proton transfer to neutral molecular hydrogen or atomic oxygen [16] . Chemical models of the Martian atmosphere also include fast proton transfer from argonium to several other neutrals [18, 19] . The proton transfer reaction ArH + + CO → Ar + HCO + ( r H = −2.33 eV)
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ArH + + CO → Ar + HOC + ( r H = −0.592 eV)
is exothermic for both the formyl and isoformyl cation. The reaction enthalpies r H are derived from the proton affinities of the neutral species [20] [21] [22] [23] [24] . The total rate coefficient for ArH + + CO is 1.25(35) × 10 −9 cm 3 s −1 . It has been measured in a drift tube from the thermal range to about 2 eV and is nearly independent of the kinetic center-of-mass energy which is typical also for other exothermic proton transfer reactions [25] . The capture rate k c = 8 ×10 −10 cm 3 s −1 is smaller than the reported value but within two standard deviations of the experimental result. While recent models [18, 19] assume HCO + as the only product, experimental or theoretical evidence for the product partitioning into HCO + and HOC + is still missing [26] .
Here we present a combined experimental and computational investigation of the title reaction in the 0.4-2.3 eV energy range. These studies extend experimental insight into the title reaction to reaction dynamics and product branching. With its focus on the HCO + /HOC + ratio, this work is in line with previous crossed beam experiments on the proton transfer reaction of the important interstellar molecules H + 3
and HOCO + with CO [14, 27] .
Methods

Crossed beam imaging
Angle-and energy differential cross sections of the title reaction have been recorded in a crossed beam imaging setup at four different collision energies from 0.4 to 2.4 eV. We refer to previous publications for a detailed description of the setup [28, 29] . As a precursor, argon was ionised in a plasma discharge and trapped in a radio frequency octupole ion trap for thermalisation at room temperature. Molecular hydrogen was admixed to the argon buffer gas in the trap (20% H 2 in Ar) to react exothermically with Ar + to form ArH + ( H = −1.5 eV [30] ). In 10 ms, an ArH + /Ar + ratio of about 2:1 was achieved and after 40 ms trapping time, no residual Ar + could be detected. The extracted ArH + beam was crossed with a neutral CO beam formed in a supersonic expansion (20% CO in Ar). The charged products were then mapped on a position and time sensitive detector with the velocity map imaging technique [31, 32] . For each event, the three-dimensional product velocity is reconstructed in the center-of-mass frame of the collision. Velocity distributions are binned with respect to the velocity components parallel (v x ) and perpendicular (v r ) to the collision axis and weighted by the inverse perpendicular velocity. The resulting images correspond to slice distributions of reactive scattering that are comparable to other experiments. Alternately, 1000 foreground and 100 background loops were recorded in order to subtract events that are not related to reactive collisions. For the background measurements, the neutral beam was pulsed at a later time to avoid crossing with the ion beam, while maintaining the total pressure in the scattering chamber. N 2 contamination or CO that diffuses from the scattering chamber to the trap may form N 2 H + or HCO + /HOC + background ions with the same nominal masses. They interfere with the large angle region of the scattering images at the two largest collision energies.
Velocity map imaging is also used to characterise the reactant ion and neutral beams for which the latter is ionised by electron impact. The experiments were performed at ion energies from 1 to 6.4 eV with a standard deviation ranging from 70 to 110 meV. The mean kinetic energy of the neutral beam was 117 meV with a fitted standard deviation of 20 meV that corresponds to a translational temperature of 13 K. Convolution of both velocity distributions determines the mean collision energies and upper limits for their spread (Gaussian standard deviation), that is 0.38(2) eV, 0.83(4) eV, 1.59(4) eV and 2.36(5) eV. The beams were crossed at an angle of 68 • with angle spreads of 2.4 • for the neutral beam and less than 0.5 • (1 • at the lowest energy) for the ion beam. The resulting energy and angular resolution in the center-of-mass frame was estimated as described previously [28] . The standard deviations from Gaussian error propagation are not larger than 90 meV for the center-of-mass kinetic energy and 2.1 • (3.3 • at the lowest energy) for the scattering angle.
Quasiclassical trajectory simulations
Direct dynamics simulations of the title reactions were performed with VENUS/NWChem [33] [34] [35] at 0.83 eV and 2.37 eV collision energy. The trajectories were integrated by the Velocity Verlet algorithm using a 0.2 fs timestep with on-the-fly calculations of the forces. All electronic structure calculations used density functional theory (DFT) with the PBE0 hybrid density functional [36] and 6-31G(d,p) basis set [37] . This rather small basis set was chosen for computational efficiency of the trajectory simulations. Stationary point and zero-point energies for the reactant system, product channels, intermediates and transition states are given in Fig. 1 . Going to the larger triple-zeta 6-311G(d,p) basis set changes the stationary energies by typically +0.1 eV and +0.2 eV for the Ar + HOC + asymptote. The smaller basis set reproduces the experimental exothermicities in Eqs. (1) and (2), derived from the proton affinities of the neutral species, up to deviations of 0.07 eV and 0.3 eV with the PBE0 functional. The computed CO proton affinity at the carbon end of 6.16 eV coincides with the literature value [20] . The value obtained at the oxygen end is 0.23 eV larger (4.56 eV) than the published value of 4.42 eV [20] .
Initial conditions for rotation and vibration were chosen from the rotating Morse oscillator model and sampled from a temperature of 13 K for CO and 295 K for ArH + to resemble the experimental conditions. Fits to DFT points for CO and ArH + dissociation determined the parameters of the Morse potentials (D e = 15.7/3.76 eV, = 2.12/1.99Å −1 and r 0 = 1.14/1.29Å for CO/ArH + ). The impact parameter b was sampled from a homogeneous distribution within a circular disc with radius b max = 6.5Å. The homogeneous sampling was insufficient to calculate reliable reaction probabilities for b < 0.9Å. Only for this purpose, 216 and 220 additional trajectories were computed for the two collision energies. The diatomic reactants were initially separated by 10Å along the collision axis plus the perpendicular separation b, that is (10 2 + b 2 ) 0.5Å . Products were generally identified at 11Å separation by distance criteria.
For the mode-specific vibrational analysis of the charged products, we calculated the harmonic normal modes of the equilibrium structures of HCO + and HOC + with the same level of theory. Each product molecule at each timestep was rotated using the Eckart transformation [38] [39] [40] . After this operation, the product molecule has a similar orientation compared to the equilibrium structure and displacements of atoms from its equilibrium positions become minimal. The Eckart transformed velocities and displacements were then transformed again using the transformation matrix between Cartesian and normal mode coordinates from the harmonic frequency analysis. These coordinates and velocities yield mode-specific vibrational energies in the harmonic approximation as described in more detail in [40] . In geometries far from the equilibrium structure, the harmonic potential energy may largely deviate from the true potential energy of the analyzed product relative to its equilibrium potential energy. To suppress unphysically large harmonic actions, it was suggested to extract the geometry with the minimum potential energy from the last vibrational period [41] . In a similar way, we applied the analysis to the final product in the last fifty timesteps of each trajectory and filtered out all timesteps, for which the total harmonic potential energy deviates more than 0.2 eV from the correct calculated potential energy. With this approach, accurate mode energies were obtained by primarily using the kinetic energy.
Results and discussion
Experimental results
Differential cross sections of the proton transfer reaction of ArH + with CO have been measured at four different collision energies 0.38(2) eV, 0.83(4) eV, 1.59(4) eV and 2.36(5) eV. The product ion velocity distributions are presented in Fig. 2 together with the distributions of the relative kinetic energy before the collision (orange, denoted as the collision energy) and after collision (blue) and the derived energy of internal excitation of the products (black).
At all energies, the proton transfer dominantly proceeds in forward direction of the product ion relative to the neutral reactant with small angular deflection. The forward directionality is more pronounced at higher collision energies, see Fig. 3a . Large noise from the background subtraction at about 180 • backward scattering at the two highest collision energies is due to background ions.
The amount of energy attributed to the rovibrational excitation (internal energy) of the products can be calculated from the product ion velocities by means of momentum and energy conservation. The total available center-of-mass energy is the sum of the collision energy and reaction exothermicity (disregarding initial thermal excitation of ArH + ) and referred to as the kinematic cutoff. It corresponds to products in their ground state and is marked by the outermost black and red circles for the HCO + and HOC + products in Fig. 2 (middle panel). The interior rings indicate energy differences to the cutoff in steps of 1 eV. Because the neutral product is a rare gas atom, the differences can be fully attributed to internal excitation of the charged products. The kinematic cutoff and • ) distributions are shown in green for the cuts depicted by dashed green lines in the velocity images. Additionally, the relative kinetic energies before (orange) and after (blue) the collision are shown. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 1 eV spacings are also shown by the black and red inset axes in the internal energy distributions in the lower panel of Fig. 2 . At all collision energies, the distributions rise near the kinematic cutoff of the HOC + product and extend as far as the available energy allows. Unexpectedly, the difference in exothermicity does not let us discriminate the reaction channels (1) and (2): the reactive collisions may either be attributed to HCO + products with internal excitation above 2 eV or to HOC + products with smaller internal excitation. In other words, it is not observed that the additional exothermicity that is available for HCO + compared to HOC + is converted into relative kinetic energy. Instead, this additional exothermicity leads to higher internal excitation. Overall, the collision energy essentially determines the average relative kinetic energy of the products (see Fig. 2 , lower panel), while the maxima of the internal excitation are close to the reaction exothermicity at 2.33 eV for HCO + (0.59 eV for HOC + ) as is seen best in Fig. 3b . Energy transfer between collision and internal energy and between exothermicity and relative kinetic energy of the products seems to be small. In contrast to the small shift of the mean internal excitation with the collision energy, the full distribution is relatively narrow and symmetric at 0.38 eV but broadens strongly towards higher excitation when the collision energy is increased. To differentiate these two features, it is instructive to consider the distributions restricted to angular deflections larger than 15 • in the lower panel of Fig. 2 (green lines) , where it is seen that the large angle scattering accounts for the major part of the broadening at higher collision energies. The same can be seen directly with small and large angle cuts applied to the internal energy distributions in Fig. 4a . The 0-5 • sliced distribution shifts only slightly with increasing collision energy while the 55-65 • distribution lies at significantly higher energies as far as the total available energy allows.
To quantify this behaviour, the mean internal energy was calculated for the ±5 • slice distributions from 0 to 110 • in steps of 10 • and is presented for all collision energies in Fig. 4b . Small angle scattering is characterised by a mean product internal energy close to the reaction exothermicity almost independently of the collision energy. This is equivalent to similar initial and final kinetic energies. The transfer of collision energy into internal excitation becomes important only for larger scattering angles. At angles above 50 • , a substantial amount of kinetic energy is converted into internal energy. In order to quantify the latter by a relative measure, we consider the fraction f int of the internal energy relative to the total available energy in Fig. 4c . While the internal energy at small scattering angles is always close to the exothermicity, the internal energy fraction for different collision energies approaches similar values in the 74 to 87% range at large scattering angles. While the energy scales in Fig. 4 assume the exothermicity for formation of HCO + , the same graphs for the HOC + channel look very similar; i.e. the difference of the exothermicities leads to a shift of the E int axis. The f int axis is shifted and rescaled as a function of the collision energy.
The findings described above are in strong contrast to the proton transfer from HOCO + + CO that were investigated at energies ranging from 0.3 to 2.3 eV in a previous publication [27] . In this case, the formation of HOC + is endothermic by 1.18 eV and the internal energy distributions rise at the kinematic cutoff for the exothermic formation of HCO + ( r H =− 0.55 eV). Up to the highest collision energy, the major part of the internal energy distribution is located below the HOC + formation threshold. The HOC + product is only accessible in the high energy range that is, similarly to the results presented here for ArH + , dominated by large angle scattering. The ArH + + CO system with little exchange between kinetic and internal energy features similar internal energies for both isomeric products with respect to the HCO + ground state. On the other hand, the formation of HOC + from HOCO + requires the transfer of a substantial amount of the collision energy into potential energy. Assuming, for both isomers, identical fractions of the internal energy relative to the total available energy for the respective isomer-a reasonable approach for the reaction with HOCO + but not for the reaction with ArH + -an upper limit of <2% for the HOC + fraction was obtained from a two-isomer fit in [27] .
Another reaction for which the formation of both product isomers is exothermic, is the proton transfer from H + 3 to CO ( r H =− 1.76/−0.13 eV). Previous crossed beam experiments [14] in the 0.2 to 4.3 eV collision energy range reveal monomodal internal distributions as in the reactions with HOCO + and ArH + . Substantial parts of the distribution reside below the kinematic threshold of HOC + formation but at 1.8 eV collision energy and above, the dominant part allows for both isomers and ranges into the autoisomerisation domain at higher energies. In this respect, we may regard the H + 3 + CO reaction as an intermediate case which is also justified by the reaction enthalpy between the more and less exothermic reactions with ArH + and HOCO + .
Given the measured internal energy distributions, we gain no direct insight into the product branching of the ArH + + CO reaction from the experimental data alone. To correctly disentangle the two reaction channels, we therefore use direct dynamics simulations.
Simulation results
Direct dynamics simulations have been performed for the ArH + + CO system at collision energies of 0.83 eV and 2.37 eV. For each energy, more than 5500 trajectories were started with impact parameters b within a circular disc with b < b max = 6.5Å. The homogeneous sampling within the disc is confirmed by the histogram of the sampled impact parameters b in Fig. 6 (gray points with a linear fit). Table 1 summarises the number of simulated and reactive trajectories. With the ratio p r of the reactive to total number of trajectories and the relative velocity of the reactants v rel we obtain the reactive cross section r and reaction rate k = 1.29 × 10 −9 cm 3 s −1 (1.28 × 10 −9 cm 3 s −1 at 2.37 eV collision energy) in Table 2 .
The reaction rate only negligibly depends on the collision energy and compares well with the experimental value 1.25(35) × 10 −9 cm 3 s −1 by Villinger et al. [25] Both are larger than the capture theory rate k c = 8.0 × 10 −10 cm 3 s −1 calculated from the mean polarizability ¯ = 13.08a 3 0 of CO reported by Diercksen et al. [42] This is reflected by the reactive cross sections of 41.2 and 24.8Å 2 that are larger than the capture cross sections of 25.8 and 15.3Å 2 , respectively at 0.83 and 2.37 eV collision energy.
We obtain the HCO + /HOC + product branching ratio of about 2:1 from Table 1 (1.99:1 and 1.94:1 at 0.83 and 2.37 eV, respectively). The analysis of the reaction probability as a function of the initial orientation of the bimolecular reactants with respect to their relative velocity reveals that the ArH + orientation only slightly influences the total reactivity. The CO orientation has a strong effect on the outcome of a single reaction (see Fig. 5 ). At 0.83 eV collision energy, only HOC + is formed if the oxygen atom is oriented towards ArH + up to an angle of 45 • with respect to the relative velocity. The probability of HCO + then rises linearly with larger angles and the opposite is true if the carbon atom is oriented towards ArH + . The linear dependence is also seen at 2.37 eV collision energy but without the pronounced threshold behaviour.
We now give a comparison to the experimental data and then go more into detail on the simulation results. The statistics of the direct dynamics simulations are inadequate for a direct comparison to the measured two-dimensional differential cross sections. Instead, we compare the well sampled one-dimensional angle and internal energy distributions.
The measured and simulated scattering angle distributions in Fig. 7 compare well on a logarithmic scale up to large scattering angles. The measured distribution drops faster at angles near and above 90 • especially at the higher collision energy. The simulations do not reveal striking differences between the two product channels given the small number of reactive trajectories for large scattering angles.
The calculation of the internal energy using the reaction exothermicity depends on the final products. Because the isomers cannot be separated in the crossed beam experiment, we refer to the internal energy E int relative to the HCO + ground state. It includes both rovibrational excitation and isomerisation energy when related to the HOC + products, which are clearly distinguished in the simulations. As opposed to the approximate internal energy derived from experimental data, the simulation results additionally include the small and almost negligible initial excitation of the reactants. The simulated total E int distributions match closely to the measured distributions at both simulated collision energies in Fig. 8 . At 0.38 eV collision energy, the total E int distribution separates into 67% of the HCO + and 33% of the HOC + product with very similar mean and spread, 2.4 ± 0.4 and 2.4 ± 0.3 eV. This explains the absence of a clear indicator for a second product channel in the experimental data. Similarly, HCO + and HOC + contribute 66% and 34% to the reactivity at 2.37 eV with mean and spread 2.7 ± 0.6 and 2.7 ± 0.5 eV.
Two idealised model cases of distributing the available energy for the two isomers are (a) similar kinetic energy distributions and (b) similar fractions f int of the internal energy relative to the available energy (relative energy losses). For comparison with our experimental data, we calculate f int = E int /E max . Neglecting initial excitation of the reactants, E max = E rel + E exo and E int = E max − E rel , with the collision energy E rel , zero-point corrected exothermicities E exo from Fig. 1 and the relative energy after collision E rel . In the present work, we found a situation that corresponds to case (a) with similar kinetic energy distributions for the two isomers. The obtained relative energy losses for HCO + /HOC + are 0.72 ± 0.11/0.49 ± 0.17 and 0.56 ± 0.13/0.35 ± 0.15 at 0.83 eV and 2.37 eV collision energy.
In contrast to the present reaction system, the previously studied reaction of HOCO + + CO is incompatible with case (a), because almost all products have kinetic energies above the kinematic cutoff for the formation of HOC + [27] . Instead, case (b) has been assumed to estimate an upper bound of the HOC + fraction. The same model was used for the H + 3 + CO reaction to derive upper bounds of 24% at 1.8 eV and 10% at lower collision energies [14] . In light of the present results for ArH + , it becomes apparent that energy distributions corresponding more to the case (a) can actually not be excluded for the reaction of H . This would yield larger HOC + fractions for the reaction of H + 3 + CO than previously estimated. Such larger HOC + fractions are supported by recent chemical dynamics simulations [43] , even though the simulated internal energy distributions do not quantitatively agree with the experiments.
Angle dependent product internal energies with their standard deviations in 10 • slices are presented in Fig. 9 . There is good agreement with the experimental results up to 60-90 • . Despite large statistical fluctuations at the larger collision energy, there is a clear trend for larger internal excitation at larger angles but the mean internal energy is slightly underestimated by the simulations mainly due to the HOC + products. This seems surprising given the theoretical zero-point corrected exothermicity of 0.89 eV that is larger than the experimental value of 0.6 eV. More significant is the separation of the mean internal energies (always relative to the HCO + ground state) of the different products at large angles especially at 2.37 eV collision energy. The inefficient transfer of kinetic into internal energy, measured for low scattering angles and small energies, suggests an influence from the different exothermicities predominantly at larger scattering angles.
More insight into the dynamics of the title reaction is gained from the opacity functions, which are presented in Fig. 6 . The reaction probabilities are coarsely constant between 0.6 (lower energy) and 0.5 (higher energy) on a range of impact parameters well beyond the capture limits of 2.86 and 2.20Å. The thermodynamically favoured HCO + is the more likely and at large impact parameters (>4Å at 2.37 eV) only product. This is understood by the dipole moment of C-O + in the order of 0.12 debyes [42] that favours the orientation of the C side towards ArH + . Since larger impact parameters are more frequent, the large impact parameter range is an important contribution to the total HCO + /HOC + branching close to 2:1 (see Table 1 ).
The region of small impact parameters is directly connected to products scattered backwards into large angles as depicted in Fig. 6c and d . The scattering angles decrease with increasing impact parameter to its minimum at the glory impact parameter and then rise due to the long-range attractive part [44] of the potential until the opacity function becomes zero. In case hydrogen approaches the C side of CO in a reaction towards HCO + , the carbon monoxide is exposed to the deeper potential well such that the kinetic energy will be larger in the proximity to argon. This is related to a glory impact parameter that is on average slightly larger for HCO + than for HOC + , as seen in Fig. 6c and d .
Related to the scattering angle, we note one peculiarity in the opacity function at the lower collision energy in Fig. 6a . With vanishing angle deflection near the respective glory impact parameter, the reaction probability for both HCO + and HOC + is enhanced at the lower collision energy. This leads to a maximum opacity of about 70% near b = 3.4Å. This is not the case at the higher collision energy with less time for reorientation of the proton towards CO. Due to the higher energy, the transferred proton also bounces back to argon in 3 of a total of 11 non reactive trajectories near b = 3.3Å.
In order to identify if isomerisation from HOC + to HCO + contributes to the computed preference for HCO + formation, we counted the number of initially formed and final products in different impact parameter ranges. HCO + molecules are detected in the trajectories when (i) the H-O distance is at least 1.2 times larger than the H-C distance, (ii) the sum of both distances is smaller than 5Å and (iii) the bending angle relative to the linear geometry of the molecule is smaller than 70 • . Condition (i) is inverted for detection of HOC + . Only about 0.5% of the reactive trajectories undergo isomerisation after the initial product formation at impact parameters above 2Å and we restrict the following discussion to b < 2Å.
At 0.83 eV collision energy, isomerisation occurs in 3% of the reactions with b < 2Å, but equally in both directions. The internal energy of the final products ranges from 2.4 to 3.2 eV (mean 2.8 ± 0.3 eV) and all isomerisation events below the autoisomerisation threshold of 3.1 eV (see Fig. 1 ) are catalysed by the argon atom. In contrast, isomerisation occurs in 13% of the reactions at 2.37 eV with b < 2Å such that the initial HCO + branching of 61% is increased to 65%. This is due to isomerisation events in the presence of argon that occur at all internal energies and lead to HCO + formation in 14 of 16 cases. We note, however, that almost all isomerising trajectories come along with final internal energies starting near the autoisomerisation threshold (mean and spread 3.9 ± 0.5 eV), and the two isomers can no longer be distinguished.
Using the criteria for product formation that were described for the isomerisation statistics above, we can also deduce the times of initial product formation and later isomerisation in all trajectories. The formation times relative to the moment of the nearest approach of the reactants are presented in Fig. 10 . The proton transfer typically occurs less than 0.1 ps after the nearest approach and is faster at the higher collision energy in Fig. 10c . A cartoon of a fast direct reaction with large impact parameter is presented in Fig. 10d . On average, at 0.83 and 2.37 eV, HCO + is formed after 4.2 ± 4.0 and 3.3 ± 1.9 ps after the nearest approach while HOC + as initially formed product requires 5.6 ± 4.4 and 3.9 ± 1.8 ps. The reaction times increase only slightly with the impact parameter in the order of 0.3 to 0.6 ps except at 0.83 eV where the mean time of HOC + formation increases to 7.7 ± 3.7 ps for b > 4Å.
The few argon catalysed isomerisation events at the low collision energy, Fig. 10a , happen typically just after 0.1 ps but also at earlier times and up to more than 6 ps later. An example at early times is given by the cartoon in Fig. 10b . At 2.37 eV in Fig. 10c , no argon catalysed isomerisation was observed after 0.12 ps but later autoisomerisation may occur at all times as energy allows. 
Table 3
Mean vibrational energies in eV from the normal mode analysis for the HC or HO stretching (v1), bending (v2) and CO stretching (v3). In brackets, the standard deviations of the distributions are given in units of the last digit. The total energy is compared to the experimental mean internal energy relative to the HCO + and HOC + ground state energy, respectively. Finally, the ratios between the higher and lower collision energy values are given. To locate the internal energy of the products, we performed a mode-specific vibrational analysis as described in Section 2.2.
Both isomers feature two stretching (v 1 , v 3 ) and a bending (v 2 ) mode. The vibrational frequencies ω 1 , ω 2 , ω 3 , at the PBE0 level with the 6-31G(d,p) basis set are 3261, 869 and 2294 cm −1 for HCO + and 3489, 201 and 1998 cm −1 for HOC + . The non-integer harmonic actions are binned to integer values and presented with their corresponding energy scales in Fig. 11 . The mean rotational and mode-specific vibrational energies with percentages are tabulated in Table 3 alongside the experimental mean internal energy.
The most striking difference between the isomers is the strongly increased excitation of the CO stretch (v 3 ) in the HCO + products in Fig. 11c and f. Its mean fraction of the total internal excitation energy is about twice as large as for the HOC + products. Furthermore, it stands out because its population is not enhanced by the larger collision energy. We infer that the CO stretch excitation, the only mode that is only indirectly coupled to the reaction coordinate, is governed by the reaction enthalpy. It is assumed to be determined by the gain of potential energy due to the changed C-O equilibrium distance.
The vibrational energies in the HCO + products account for 70% of the total internal excitation and are almost equally distributed to all three modes at 2.37 eV collision energy. Most of the additional 0.3 eV internal energy at the larger collision energy is channelled into the HC stretch mode (v 1 ). This is also true in relative terms given by the enhancement ratios in Table 3 . They are very similar for both isomers (comparing the HC to the HO stretch) except for the prominent increase by a factor 1.63 of the rotational excitation of HOC + , that is generally more important for this isomer with a percentage of 35-41% as opposed to 30% for HCO + .
The total mean internal energy agrees with the experimental results up to 0.1 eV. Despite the simulated exothermicity of 0.89 eV as opposed to 0.59 eV as calculated from literature values, it is only slightly overestimated for HOC + .
Conclusion
The proton transfer reaction from ArH + to CO with the isomeric products HCO + and HOC + at collision energies ranging from 0.4 to 2.4 eV has been investigated experimentally using crossed beam imaging and theoretically with direct dynamics simulations. The reaction is characterised by a fast direct mechanism with little transfer between kinetic energy and internal excitation. Upon increasing the collision energy from 0.4 to 2.4 eV, the mean internal energy relative to the HCO + ground state increases from 2.2 to only 2.6 eV staying close to the exothermicity of 2.33 eV. The angledifferential analysis of the experimental data reveals that energy transfer from the collision energy to internal excitation on average only takes place at large scattering angles.
The small influence of the different exothermicities of the HCO + isomers on the product internal energy, or equivalently on the relative energy after the collision that is directly accessible in the experiments, makes it impossible to find an indicator to separate the isomeric products from the measured cross sections alone. This is in contrast to the HOCO + + CO reaction for which the HOC + product channel is endothermic, and the assumption of identical internal energy fractions of the total available energy for both isomers allowed the estimation of an upper limit of <2% for the HOC + fraction [27] . The present study suggests, that similar estimates for the H + 3 + CO reaction [14] may have resulted in too small limits for the HOC + fraction which is supported by recent direct dynamics simulations [43] .
The computed rate constant close to 1.3 × 10 −9 cm 3 s −1 at both collision energies agrees well with the measured value of 1.25(35) × 10 −9 cm 3 s −1 from drift tube experiments [25] . The simulations also show good agreement with the experimental distributions of the product internal energy and scattering angles. The simulated branching ratio of the isomeric products HCO + and HOC + is about 2:1 irrespective of the collision energy (0.83 eV and 2.37 eV). The branching is due to the larger opacity and maximum impact parameter for the thermodynamically favoured HCO + product. The product of a single reaction is strongly affected by the initial orientation of CO with respect to the relative velocity of the reactants.
The calculated opacity functions can be approximated by a constant of about 50% up to maximum impact parameters well beyond the simple capture limit. This gives rise to the dominant forward scattering that is also found in the experimental differential cross sections. At 0.83 eV collision energy, the reaction probability is enhanced to about 70% near the glory impact parameter. Apparently, at the impact parameter range of small angular deflection and little momentum transfer, there is enough time for ArH + to reorient the proton towards CO, and if so, the proton transfer almost always takes place-in contrast to higher collision energies where the proton is bouncing back to argon in several trajectories.
The simulated opacity function of HOC + formation is smaller than that for HCO + formation at all impact parameters and the maximum impact parameter for HOC + is almost 1Å smaller than for HCO + . At large impact parameters above the maximum for HOC + formation, the attractive force of the C side towards the proton may still be sufficient for the formation of HCO + . This is also supported by the increase of the HOC + formation time relative to the time of nearest approach of the reactants for impact parameters larger 4Å at 0.83 eV collision energy. The larger impact parameter range for the HCO + formation is an important contribution to the 2:1 branching ratio of the HCO + and HOC + products.
Isomerisation of the initially formed product to the other isomer was found to play a minor role for the product branching ratio. At 0.83 eV collision energy close to the threshold for autoisomerisation, argon catalyzed isomerisation takes place in 3% of all reactions, equally in both directions. Nearly all of the isomerising trajectories at 2.37 eV collision energy lead to products with internal energies above the autoisomerisation threshold so the products are indistinguishable. Due to this, the HCO + branching for impact parameters below 2Å is increased from 61 to 65% due to isomerisation events in the presence of argon.
The mode-specific vibrational analysis of the products showed that the average CO stretch excitation is mostly independent of the collision energy and is energy wise about twice as large for HCO + than for HOC + . We infer that it is largely determined by the reaction enthalpy. The mode specific relative enhancement of vibrational excitation by collision energy is not isomer specific and larger for the HC and HO stretch than for the bending mode. Rotational excitation accounts for 29-41% of the total internal excitation. It is more important for the HOC + isomer and noticeably increased by 63% from 0.83 to 2.37 eV collision energy, and by only 17% in the case of HCO + .
